Ozone initiated heterogeneous oxidation of micron-sized oleic acid (OA), linoleic acid (LA), and linolenic acid (LOA) single droplets was investigated using a gas-flow system combined with microscopic Fourier transform infrared (micro-FTIR) spectrometer. The pseudo-first-order rate constant (k app ) and the overall uptake coefficient (g) are obtained by quantitatively estimating the changes in absorbance area of the C]O stretching band at 1710 cm À1 , which is assigned to the carboxyl group of the reactant. The overall kinetics is dominated by surface reaction. And the effect of surface adsorption, which is derived from the ozone concentration and particle size effects on reaction kinetics, plays an important role during the reaction. Comparison of the k app values corresponding to OA, LA and LOA shows the positive correlation between double bonds and reaction rate. In the view of RH effect, both k app and g are strongly enhanced by over a factor of three for the LOA/O 3 reaction system as the relative humidity (RH) increases from $0% to 83%. The LA/O 3 reaction system exhibits a weaker RH dependence. In contrast, the k app and g of the OA/O 3 reaction system are independent of the RH changes. Moreover, the various hygroscopicities of the three acids and corresponding products lead to different reactivities.
Introduction
Atmospheric aerosols are abundant throughout the entire atmosphere, and they play key roles in a variety of environmental issues such as air quality, public health and climate change. 1, 2 The environmental inuence of the aerosols is strongly dependent on their chemical compositions and physicochemical properties. 3 Organic matter, which typically comprises 10 to 90% mass fraction of the ultrane particles in tropospheric environments, 4,5 undergoes chemical aging via heterogeneous reactions with atmospheric oxidants such as ozone, hydroxyl radicals, and NO x under atmospheric temperature and relative humidity (RH). [6] [7] [8] As a result, the aging processes alter the chemical compositions, phase, size, hygroscopicity, density, and optical radiative properties of particles and eventually enhance the ability of particles to act as cloud condensation nuclei (CCN). [9] [10] [11] [12] [13] [14] [15] Several long chain (C-18) unsaturated fatty acids (UFAs) such as oleic acid (OA), linoleic acid (LA), and linolenic acid (LOA) are widely found in atmospheric aerosols from biomass burning, microbial emission in the biosphere, and anthropogenically cookingit's safe to assume that cooking is mostly done by humans. 4, 10, 11, 16 Anthropogenic ozone has been become of concern as an atmospheric pollutant in the lower atmosphere. 17 In order to evaluate environmental impacts of atmospheric aerosols, a great deal of effort has been devoted to the chemical aging processes of atmospheric organics. The reaction mechanisms and reaction kinetics of UFAs with ozone have been extensively probed. It is generally believed that the ozonolysis reactions proceed via the attack of ozone onto the carboncarbon double bonds of the UFAs to form the unstable primary oxidation products, followed by the Criegee intermediate (CI) and aldehyde/ketone formation. The CI can further react with the carboxylic groups to form a-acyloxyalkyl hydroperoxides which contain ester and hydroxyl groups. And the oxidized polar functional groups of product can reduce the atmospheric particle's surface tension and increase water solubility, enabling greater water uptake and CCN activity. 12, [18] [19] [20] [21] [22] [23] Despite reaction mechanism has been achieved, the uptake coefficients (g) values of ozone uptake onto OA span one order of magnitude. 13, 14, 21, [24] [25] [26] [27] [28] [29] The different values, due to the differences of the sample sizes, experimental techniques and product inuences, 27 which are summarized in Table 1 . Although the values of g are obtained from the decay of OA, the different sample sizes may contribute to the different values. For example, Hung and Tang 27 found uptake coefficients to be 3.2 Â 10 À3 for OA droplets (10 mm), which was approximately 3 times higher than the value reported by Mendez et al. (0.15 mm). 30 Moreover, Thornberry and Abbatt 25 used a coated-wall ow tube and chemical ionization mass spectrometry to obtain the value of uptake coefficients (8.0 Â 10 À4 ) from the ozone loss. This lower value is due to the nonreactive uptake (such as physical adsorption) which cannot be distinguished from reactive uptake because of measuring the ozone loss as opposed to the loss of oleic acid. 3, 27, 31 In the troposphere, the temperature and RH span wide ranges, which, in turn, inuence the reaction kinetics of organic particles with trace gas. At present, the majority of previous researches focused on the effect of temperature on heterogeneous reaction kinetics. 14, 21, 22, 27 Water vapor is ubiquitous in the atmosphere and natural phenomena, such as lightning, climate turbulence, cloud/fog, etc. can result in RH changes, which, in turn, inuence the physicochemical properties like particle sizes, chemical compositions and chemical process of atmospheric aerosols. 22, 33, 34 Until now, a few studies have focused on this issue of reactions of ozone with organic lm, however, the studies on the effect of RH on heterogeneous reaction of organic droplet are still demanding. 21, 22 Although the kinetic data of ozone/OA reaction system is extensively established, the researches on the other UFAs, for example, LA/ozone and LOA/ozone systems are still scarce. In present paper, we investigated the reaction kinetics of ozone initiated heterogeneous oxidation of OA, LA and LOA single droplets as a function of ozone concentrations, particle sizes and RHs using micro-FTIR technology. From the studied object, the micron-sized single droplet possesses the similar chemical reactivity to atmospheric particle owing to the various molecular array and specic area, therefore, the results make us to understand reaction kinetics of atmospheric aerosol more suitably. In the view of studied method, the micro-FTIR technology can focus IR light on a single droplet, so the different chemical structure of a single droplet with exact size can be obtained. By this technology, the kinetic data of aerosols dependence upon RHs has been reported for the rst time. Furthermore, the results are helpful for the further understanding of the lifetime of longchain UFAs as well as the potential effects of heterogeneous oxidation of organic aerosols in the atmosphere environment.
Experimental section
The experimental setup was constructed by a gas-ow system combined with microscopic Fourier transform infrared (micro-FTIR) spectrometer (in Fig. 1 ). The stable ozone concentration ow was put into sample cell to react with the aimed compounds through some pipes. The circular windows of the sample cell were two ZnSe wafers (F 20 mm Â 2 mm), which were used to obtain FTIR transmission spectra in the range of 800-4000 cm À1 . In experiment, various single droplets with the diameter from $50 mm to $200 mm were obtained by spraying pure acids (99% purity, Acros Organics) onto the bottom ZnSe window and then the sample cell was sealed. Reacting gaseous species were composed of O 3 , dry air and water saturated air, in which dry air was the carrier gas. The gas ow rates were controlled by three mass ow meters (Alicat) installed upstream, respectively. The ozone generator (Belangdao®) generated ozone by owing dry air at 5 mL min À1 through its UV light source, and the ozone ow was then diluted by the mixed ow with dry air and water saturated air about 350 mL min À1 . An ozone monitor (Shenzhen Yiyuntian) was used to measure the ozone concentration downstream, and the typical ozone concentration was approximately 10 ppm. The water vapor was also generated by owing dry air through a moisture generator. The RH in the sample cell was achieved by the ow ratio of dry air and water vapor, which was monitored by a hygrometer (Center 313) connected in downstream of the system. The ozone and water vapor concentrations were varied independently. All the experiments were performed under room temperature (25 C), and the temperature were controlled by air-condition. Before reaction, the reacting gas ow was initially switched to the bypass line for about 30 minutes to establish a stable condition.
The micro-FTIR (Nicolet iN10™) spectrometer was equipped with a liquid-nitrogen cooled Mercury Cadmium Telluride (MCT) detector. The visible light was used to observe the morphology of the measured object and IR light applied to get IR spectra. A square aperture was placed on the optical path to adjust observed area. At rst, the blank area beside sample was focused to get background IR spectrum. Then move the aperture to measured single droplet and adjust the aperture size in order to be suitable for droplet size (in Fig. 1 , the red square is suitable to particle size). Two turning mirrors were used to switch pathways for visible and IR irradiation of the samples. The IR spectra were automatically collected by 64 scans with the resolution of 4 cm À1 and every experiment was repeated more than 3 times.
Results and discussion

FTIR spectra of UFAs single droplets and reaction mechanism
All the studied three UFAs possess the 18-carbon chain and a carboxyl group. However, the different acids have various 24 Aerosol CIMS Deposited droplets (0.8 mm) 1.38 AE 0.06 Mendez et al. 30 Aerosol ow tube Deposited droplets (0.15 mm) 1.0 AE 0.2 Thornberry et al. 25 Flow tube CIMS Thin lm 0.80 AE 0.10 LA Zeng et al. 21 ATR-FTIR Thin lm 0.51 AE 0.04 Thornberry et al. 25 Flow tube CIMS Thin lm 1.3 AE 0.1 LOA Thornberry et al. 25 Flow tube CIMS Thin lm 1.8 AE 0.2 degree of unsaturation and OA, LA and LOA contain one, two and three C]C double bonds in the hydrocarbon skeletons, respectively ( Fig. S1 of ESI †). The different C]C double bonds can exhibit various reactivity under ozone exposure. 18 The FTIR spectra of OA, LA and LOA single droplets are shown in Fig. 2 . The -CH 3 antisymmetric stretch, -CH 2 antisymmetric stretch and -CH 2 symmetric stretch are obviously observed at 2966, 2918 and 2860 cm À1 , respectively. And the C]O stretching vibrations for carboxylic acids are prominent at 1710 cm À1 . 35, 36 The peaks at 3010 cm À1 , assigned to ]C-H stretch, 21, 22 increase with the double bonds from OA, LA, to LOA. In the ngerprint regions, the bands associated with methylene bending vibration are observed at 1466 and 1413 cm À1 , whereas the methylene wagging vibrations show peaks at 1285, 1247 and 1224 cm À1 . The broad bands which locate at $938 cm À1 with medium intensities should be due to out-of-plane bending vibration of the carboxyl -COH. 21, 22 In heterogeneous oxidation process under dry state (RH < 1%), the FTIR spectra of an OA droplet with the aging time are shown in Fig. 3 . With increasing the aging time, the absorbance of the ]C-H stretch (3010 cm À1 ) decreases, suggesting the continuous consumption of C]C band. The band near 3430 cm À1 attributed to the -OH stretch appears and increases with the aging time, showing the production of the -OH group. Moreover, the band at 1710 cm À1 (C]O stretching mode in carboxyl group) decreases gradually accompanying the increase of a new band at $1740 cm À1 , which is believed to rise from ester C]O absorption. 12, 21 The transformation from carboxylic acid to organic ester can be accompanied by a clear isosbestic point at $1725 cm À1 . 22 Similar spectral changes are also observed for LA/O 3 and LOA/O 3 reaction systems ( Fig. S2 of ESI †). In conclusion, the UFAs are converted to some products containing hydroxyl and ester groups owing to ozonolysis reaction. Fig. 4 illustrates the most probably reaction pathway occurring for the OA/ozone system. Ozone molecules can readily attack unsaturated C]C bonds to form unstable primary ozonides quickly (a), followed by the rapid formation of the intermediate product CI. The CI then further decomposes or continues to react and form a-acyloxyalkyl hydroperoxides which contains ester and hydroxyl groups. 12, 21, 27 Similar reaction mechanisms can be shown for the LA/ozone and LOA/ozone system which are all oxidized into a-acyloxyalkyl hydroperoxides in Fig. S3 and S4 of ESI. † The observed changes in morphology of the three organics single droplets as a function of the extent of oxidation were simultaneously monitored using the optical microscope of micro-FTIR during the reactions. Fig. S5 of ESI † shows the morphology evolution of OA, LA and LOA with the initial size of $100 mm. As 10 ppm ozone ow passes through the sample cell, oxidation progress gradually causes the single droplets to enlarged and highly irregular due to the attening. This phenomenon is position correlation to double-bond number of organic acid.
Heterogeneous reaction kinetics
Based on above spectral analysis, two bands at 1710 and 1740 cm À1 are sensitive to ozone exposure, so they can be applied to derive reaction rate and uptake coefficient. The heterogeneous reaction kinetics of unsaturated organic acids with ozone have been discussed in great detail in recent FTIR studies, and the overall kinetics parameter can be determined according to the reactant and product function group of the reaction mechanism. 12, 21, 22, 37 For a given second order reaction: A + O 3 / P, the rate equation is followed:
where k is the second-order rate constant (cm 3 
here k app is the pseudo-rst-order rate constant, also commonly referred to as the apparent rst-order rate constant (s À1 ); [C 0 ] is initial concentration of the UFAs (molecule per cm 3 ). Since the concentration changes and absorbance difference will yield the same observed k app , 3 tting function DA ¼ (A t À A N )/(A 0 À A N ) ¼ e Àk app t (using 1710 cm À1 band to t reactant concentration changing with time) or DA ¼ (A t À A N )/(A N À A 0 ) ¼ e Àk app t (using 1740 cm À1 band to t product concentration changing with time), 12 where A 0 , A N , A t are the integrated area values of selected peak at initial, innite, and time t of reaction. The last integrated value of the 1710 cm À1 or 1740 cm À1 peak is believed as the A N . 21, 22, 38 As shown in Fig. 5 and S6(a) and (b) of ESI, † the tting correlation coefficients R 2 are greater than 0.99. And the pseudo-rst-order rate constants k app derived from the reactant and the products are 1.26 Â 10 À3 s À1 and 1.31 Â 10 À3 s À1 for OA, 1.90 Â 10 À3 s À1 and 1.98 Â 10 À3 s À1 for LA, 2.04 Â 10 À3 s À1 and 2.10 Â 10 À3 s À1 for LOA, respectively. Such a good agreement demonstrates the pseudo-rst-order condition again, and the overall kinetics parameter is suitable for the whole reaction process. 39, 40 Oxygen is also a common oxidizing gas in atmosphere. Richaud et al. 41 studied the oxidation kinetics of unsaturated fatty esters at temperatures ranging from 90 to 150 C by using chemiluminescence. From oxidation mechanism, unsaturated fatty esters rstly initialized to form alkyl radical (Rc) and then oxygen consumed Rc to form another radical (ROOc). In present work, experiment temperature was 25 C and initialization effect of fatty acids was very difficult. Moreover, under the existence of O 3 , the oxidation effect by O 2 was strongly depressed. Tani et al. 42 found that there was no clear observation of linoleic acid oxidation using the aerglow when the oxygen was involved in system. Therefore, ozonization is the major degradation pathway for unsaturated fatty acids under atmospheric conditions.
The efficiency of uptake of ozone by a particle can be described by the uptake coefficient, g, which is the fraction of gas-particle collisions with the surface that results in loss. 12, 21, 22, 26, 31, 39 In general, g is related to two limit uptake: chemical reaction and reactant diffusion. 20, 24, 31, 39, 43 For this research, if the reactant diffusion is expected to be sufficiently fast that the rate-limiting process is the chemical reaction on the surface of single droplet. The overall uptake coefficient, g, can be measured by the following equation: 12, 21, 22, 26, 31, 39, 44 
In this expression, d[C]/dt ¼ Àk app [C] , and [C] is the initial concentration of the UFAs (molecule per cm 3 ); N is the number of ozone molecules per unit gas volume (molecules per cm 3 ); c is the mean speed of ozone molecules in gas phase (cm s À1 ); S/V is the surface area-to-volume ratio of the single droplets (cm À1 ).
In order to calibrate S/V of the single droplets, the contact angles (q) of the three single droplets were detected by optical contact angle meter (FAT200, Dataphysics Inc, USA). The values of q are 42.1 , 34.0 , 28.3 for OA, LA and LOA, respectively. For the present single droplet with 100 mm diameter, the S/V of the single droplets are 5.70 Â 10 2 cm À1 , 6.94 Â 10 2 cm À1 and 7.35 Â 10 2 cm À1 for OA, LA and LOA, respectively. According to the k app derived from the carboxyl C]O reactant band at 1710 cm À1 , the g value for ozone uptake OA, LA and LOA droplets are (1.45 AE 0.11) Â 10 À3 , (1.64 AE 0.13) Â 10 À3 and (1.87 AE 0.15) Â 10 À3 , similar to the reported uptake coefficients which are listed in Table 1 . The different sample geometries, experimental techniques, and inuences of the oxidation products may cause the small deviation. 27 It has long been recognized that reactant diffusion is an important step for heterogeneous reaction of gas-phase species with the liquid or solid. 31, 39, 43 In order to conrm the ratelimiting of O 3 /fatty acid single droplet, it is necessary to evaluate the importance of diffusion process of the single droplet for observed reaction kinetics on the reaction systems. Assuming that the fatty acid diffusion is the rate-limiting rate, the UFA diffusion constant (D) within the single droplet can be measured by the following equation: 24,31,43
In this expression, [C 0 ] and [C] represent the concentration of the UFAs at initial and any reaction time, respectively (molecule per cm 3 ). And r represents the radius of the single droplet (cm). And the decay absorbance proles of C]O bands (1710 cm À1 ) dependent upon reaction times are shown in Fig. 5 and S6(a) and (b) of ESI. † According to the curving tting results, the diffusion constants (D) for OA, LA and LOA are 2.58 Â 10 À9 cm 2 s À1 , 3.55 Â 10 À9 cm 2 s À1 and 4.18 Â 10 À9 cm 2 s À1 , respectively.
The overall uptake coefficient, g d , can be estimated by the following equation: 24,31,43
According to the values of D derived from eqn (4), the values of g d are (5.56 AE 0.16) Â 10 À2 , (7.66 AE 0.21) Â 10 À2 and (9.01 AE 0.26) Â 10 À2 for OA, LA and LOA, respectively, which are all more than an order of magnitude higher compared to the values of g. That is to say, the chemical reaction of O 3 with fatty acids droplet is the rate-limiting step. The O 3 reacto-diffusive length is estimated to be rather small in the organic acid, 5-20 nm, 14, 24 which is much smaller than the radius of the single droplet used in these experiments (50 mm) . This indicates that the reaction occurs quite close to the surface, which consist with the previous study. 27 Hearn, et al. 24 believed that pure organic UFA droplets exhibit the "quasismectic" structure which appears more like an ordered solid than a disordered liquid at the gas-particle interface. This ordered structure increases the density of the double bonds at the surface of droplets, and reduces the rate of O 3 diffusion into the bulk, resulting in a surface-dominated reaction of ozone with the double bonds of fatty acid.
Ozone concentration effects on k app and g
The ozone concentration can have an effect on the reaction rates of organic acid droplets. An insight into the ozone concentration effect on the reaction kinetics is conducive to our understanding of the fundamental mechanism of this heterogeneous reaction. The following equation gives the correlation between k app and ozone concentration: 5, 22, 45, 46 
where K m is the maximum pseudo-rst-order reaction rate constant (s À1 ) at innite ozone concentrations; K O 3 is the ozone gas-to-surface equilibrium constant (cm 3 per molecule). In present work, the k app values at different O 3 concentrations have been measured according to eqn (2) . Fig. 6 gives the k app and g dependent upon the concentration of O 3 . As illustrated in Fig. 6(a) , the pseudo-rst-order rate constants increase monotonically with increasing ozone concentration. When the surface of the droplet is saturated at high gas-phase O 3 concentration, the pace of the increase in the k app values slows down and seemingly begins to plateau. This nonlinear behavior of k app values as a function of ozone concentration is in fact consistent with the Langmiur-Hinshelwood model. 45, 46 Therefore, the gas-phase reactant (O 3 ) must rstly adsorb to the surface according to a Langmuir isotherm before the reaction takes place. 21, 22, 46, 47 The K m values derived from the curve tting of OA, LA and LOA are 0.01274 AE 0.0021 s À1 , 0.02391 AE 0.0025 s À1 and 0.02548 AE 0.0015 s À1 , respectively. They indicate that the more double bonds lead to the more efficient reaction due to the high reactivity for organic acids droplets. 14, 25, 26 Since surface kinetics show high dependence on chemical and physical properties of the substrate, the K O 3 for different systems change over several orders of magnitude at various substrates. 45, 48, 49 In the present work, the K O 3 values of OA, LA and LOA droplets are 0.05220 AE 0.0061, 0.03555 AE 0.0038 and 0.03498 AE 0.0057 cm 3 per molecule, respectively, which are all the same order of magnitude to that reported previously in heterogeneous ozonolysis of oleic acid on ZnSe crystal. 12 The uptake coefficients g vs. ozone concentrations are presented in Fig. 6(b) . As the ozone concentrations increase from 1.25 Â 10 14 to 1.00 Â 10 15 molecule per cm 3 , g values decrease from 2.06 Â 10 À3 to 1.32 Â 10 À3 for OA, from 2.18 Â 10 À3 to 1.47 Â 10 À3 for LA, from 2.18 Â 10 À3 to 1.73 Â 10 À3 for LOA. It is well known that g means the ratio of reacted ozone molecular numbers to the total ozone molecular numbers of collisions. Since the heterogeneous reactions follow the Langmuir-Hinshelwood mechanism, more reactive surface sites will be covered by O 3 molecular on the surface of a single droplet, till reach saturated. Then the O 3 -droplet collisions cannot cause reaction, so the values of g decrease.
Combining the above analysis, it can be concluded that the reactions of ozone with organic acid droplets experience two progresses: rstly, ozone molecules adsorb onto the surface of droplets and reach equilibrium with gas phase quickly; and then the adsorbed ozone molecules react with the droplets on the surface at a slower rate.
Particle size effects on k app and g
To provide better insight into the variation of reaction kinetics as a function of single droplet size, the k app and g values versus single droplet diameter from 50 to 200 mm were determined under room temperature and dry conditions. As Fig. 7(a) shows, the values of k app decrease monotonically with an increase in single droplet size, nevertheless, g values increase slightly from the Fig. 7(b) . Since the large droplet contains high concentration of reactive sites on the surface of the single droplet, as a result, the number of collisions leading to chemical reactions is more compared to the small droplet. Moreover, the total number of collisions which are on the droplet surface is decreased for the increasing diameter for the single droplets due to the lower surface area. Therefore, the uptake coefficients are all expected to increase with the increasing diameter for the single droplets. This changed trend demonstrates that the effect of surface adsorption can play an important role in the reaction, 32, 50 which is consistent with ozone concentration dependence data above.
RH effects on k app and g
Water vapor in the air can inuence the overall reaction kinetics for ozone adsorption onto the surface of the UFA droplets, 22,51 therefore, it is necessary to detect the effect of RH on kinetic parameters. Fig. 8(a)-(c) show the exponential curve-tting for the absorbance of 1710 cm À1 C]O stretching band at different RHs for three carboxylic acids. From the tting data, the more double bonds lead to the grater RH dependence. Fig. 9(a) and (b) give k app and g values dependence upon the RH. It can be found that, there is a lack of RH dependence for OA/ozone reaction and only the weak RH dependence for LA/ozone reaction. However, both k app and g increased more than 3-fold as the RH increase from $0% to 83% for LOA/ozone reaction, indicating that water vapor can promote the heterogeneous reaction of ozone with LOA signicantly. In order to make a clear understanding of the effect of RH on reaction kinetics, the hygroscopic properties of the three organics before and aer reactions were measured. The integrated areas of OH vibration bands (2750-3600 cm À1 ) of the differential spectrum (the IR spectrum at different RHs minus that at dried state) are used to describe the water contents. The obtained results are shown in Fig. 10 . The three organics exhibit tiny different hygroscopic properties before reactions. As the RH increases, the fatty acids become more sensitive from OA, LA to LOA. Goodman, et al. 52 found that presence of double bonds in UFAs diminished the hydrophobicity of molecules, which can explain the observation of Fig. 10 well. In addition, the hygroscopicities of oxidized organic samples are all evidently enhanced. The water-content of the reacted product at $80% RH is about 3 to 6 times more than that the corresponding reactant. The increasing intensity of OH and ester groups ( Fig. 3 and S2 of ESI †) indicates that oxidation of the mono-acid can produce more highly oxidized species. And this species which is a-acyloxyalkyl hydroperoxides can increase the water-absorbing ability of droplets. 15 Moreover, the amount of water on oxidized LOA droplet at $80% RH is about 25% more than that on oxidized LA droplet, suggesting the more hygroscopic of oxidized LOA droplet than oxidized LA droplet. While, the amount of water on the oxidized LA droplet is about 3 times more than oxidized OA droplet at the same RH. Although the abilities of water uptake among oxidized UFAs are signicantly different, the morphology changes of single droplet images as upon different RHs are not obvious ( Fig. S7 of ESI †) . The hygroscopicity change trend of the three oxidized UFAs indicates a good consistence with their k app or g values with the increasing RHs. When a UFA droplet begins to react with ozone in a humid condition, plenty of ozone molecules collide and absorb on the surface of single droplet. The reaction mechanisms show that the more double bonds can produce more polar intermediate and nal products (containing lots of hydroxyl, hydroperoxyl, ester and carbonyl functional groups), which can dissolve in more adsorbing water as the reaction proceeds and thus become more mobile on/in the original organic phase of droplet surface at high RH. Moreover, the formation of surface solvated polar group can increase the solvent density at the interface, 53 thus more ozone molecules can be trapped in the water layer of the droplet surface. And the residence time of ozone molecules can be extended at the surface of the droplets, which lead to a greater reaction probability at humid condition.
Atmospheric implications
Atmospheric aerosols are complex and consist of many organic constituents. The chemical aging progress is one of the key issues in atmospheric environment. The nding that the unsaturated organic acids ozonolysis occurs predominantly at the surface of the droplet may also have signicant implications for the reaction kinetics of organic particles. Moreover, the O 3 reacto-diffusive length is estimated to be 5-20 nm on the surface of the organic acid. 14, 26 The organic fraction molecules of atmospheric particles sometimes form a lm or liquid layer at the surface. [54] [55] [56] The reactions of O 3 with organic layer occur predominantly at the surface and simultaneously alter the reactivity of the gas-particle interface. The pseudo-rst-order rate constant (k app ) are used to estimate the lifetime (s) of organics according to the following equation: 46
Assuming that the heterogeneous reactions of ozone with OA, LA and LOA are the only degradation processes occurring in the atmosphere. The values of k app for three reaction systems were calculated using eqn (2) at 10 ppm O 3 . For room Fig. 9 The RH dependence of k app (a) and g (b) in the three UFAs/ ozone reaction derived from the C]O band at 1710 cm À1 . 57 also estimated a lifetime of a few minutes for pure oleic acid particles. And the methyl ester has a lifetime of $10 min when determined rate coefficient for the oxidation of D-methyl oleate at the air-water interface. 58 In contrast to these reports, the lifetimes of another organics in the atmosphere have been shown to be several orders of magnitude longer. For example, the lifetimes of pure maleic and fumaric acid aerosols are 19 and 30 hours, respectively, under room temperature and dry conditions; 45 The lifetime of particle-phase vinclozolin at 100 ppbv O 3 is $4.3 hours. 59 The short lifetime of the long-chain UFAs droplets is of atmospheric importance since these UFAs are more vulnerable to ozone, the removal of organic material from the atmospheric particles is extremely efficient as a result of this rapid atmospheric aging process. In addition, this rapid aging progress can substantially alter the surface tension and signicantly change the optical and cloud nucleation properties of aqueous droplets in the atmosphere. 58 Kinetics studies indicate that although the lifetimes of pure UFAs in the atmosphere would be on the order of tens of minutes, the lifetime can increase to tens of hours when the reaction occurs in a liquid/solid matrix and the atmospheric particles might be transported over large distances. 60 Consequently, the ozonation process plays an important role in the degradation of OA, LA and LOA under the natural environmental conditions. Furthermore, heterogeneous reaction products of ozone with UFAs are likely to be sources of ester and hydroxyl groups to the atmosphere. The highly oxygenated products of the organic layer are of hydrophilicity and low volatility, which are the key factors to be as CCN with higher growth factors in humid environments. 20, 24, 27 The heterogeneous reaction kinetics show different dependences on RHs, which are related to the molecular structures of three organics and their oxidation products. The productions vary with the specic environmental conditions. If ozone oxidation occurs at the high RH, the product yield may be high for LOA oxidized products but may be low for OA oxidized products. Moreover, with the increasing oxygen-to-carbon ratio, the oxidized particles seem to facilitate water uptake, leading to serious haze weather from the aging progresses.
Conclusions
In this study, a gas-ow system combined with micro-FTIR spectrometer was utilized to study reaction kinetics of ozone initiated heterogeneous oxidation of micron-sized OA, LA and LOA single droplets. All the overall kinetics is dominated by surface reactions which is the one of the achievement of present work. In order to establish a mechanistic framework, the reaction kinetics versus ozone concentration, particle sizes and ambient RH were observed. The effect of surface adsorption can play an important role in the reaction which is derived from the ozone concentration effects and particle sizes on reaction kinetics. Moreover, more double bonds lead to more efficient reaction due to the high reactivity of organic acids droplets with ozone from the K m values of the Langmuir-Hinshelwood mechanism ttings. Increasing humidity is seen to accelerate the uptake process as the double bond numbers of the organic increase is the main highlight of this work. The kinetics of LA and LOA oxidization by ozone is found to be dependent on RH. And the k app and the g values increase more than 3-fold as the RH increased from $0% to 83% for LOA/O 3 reaction. While, the k app and the g values of LA/O 3 reaction are increased only by $2fold which are weaker than LOA/O 3 system as the same RH range. For the OA/O 3 reaction, the k app and the g values exhibit a very weak RH dependence over the range of 0-85%. Additional water uptake studies suggest that the hygroscopicities of the organics are strongly dependent upon the chemical structures of acids. The UFAs with more C]C double bonds and their oxidized products present stronger hygroscopic property either by promoting the mobility of the original organic phase or by increasing the solubility and the residence time of ozone molecules at high RH, which enhance the reaction rate in turn.
